ABSTRACT Growers that plant Bacillus thuringiensis (Bt) Berliner corn (Zea mays L.) hybrids are required to plant non-Bt corn for resistance management. Refuge in a bag (RIB) is an emerging approach for resistance management where, for some hybrids having multiple Bt traits for a target species, the refuge is planted as a blend of Bt and non-Bt corn. Studies were conducted to evaluate how southwestern corn borer (Diatraea grandiosella Dyar), when infested at different densities and growth stages, affected the yield of infested, non-Bt plants and neighboring Bt plants. Infesting non-Bt corn plants with southwestern corn borer larvae caused signiÞcant injury. Both the number of larvae infested on plants and the timing of these infestations affected the number of kernels per ear, total kernel weight, and the weight of individual kernels. Infestation timing was more important than the number of larvae inoculated onto plants, with pretassel infestations causing more yield loss. There was little compensation by Bt plants that were adjacent to infested plants. Thus, the risk of yield loss from stalk tunneling larvae in a refuge in a bag scenario should be directly proportional to the percentage of non-Bt plants and the level of yield loss observed in these non-Bt plants. Because current refuge in a bag systems have Þve or 10% non-Bt corn plants within the seed unit, the likelihood of substantial yield losses from infestations of corn boring larvae is remote given our results, especially for infestations that occur after silking has begun.
The southwestern corn borer (Diatraea grandiosella Dyar, Lepidoptera: Crambidae) is one of the most important insect pests of non-Bt corn (Zea mays L.) in the southern region of the United States. Southwestern corn borer is primarily distributed throughout the southern United States and Mexico (Chippendale 1979 , Davis and Williams 1986 , Williams et al. 1997 , Knutson and Davis 1999 . Corn is its primary host, and it can damage the plant at all stages of its growth and development (Chippendale 1979) .
Moths of southwestern corn borer from the overwintering generation typically emerge in May in most regions of the southern United States and oviposit on whorl stage corn. Small larvae infest whorl stage plants causing leaf injury. More importantly, third instars and larger tunnel into the stalks of corn plants (Hensley and Arbuthnot 1957) . In young plants, this may cause stunting or deadheart, which is the destruction of meristematic tissue of the terminal (Davis et al. 1933 , Chippendale 1979 , Knutson and Davis 1999 . Deadheart plants often die and survivors essentially become weeds as they do not produce an ear but compete for water and nutrients (Davis et al. 1933) . During anthesis, small second generation larvae feed between ear husks, on ear shoots, behind leaf collars, and on developing kernels, cob, and ear shanks (Davis et al. 1972) . Older larvae tunnel into the stalks, in ear shanks, or feed on ears. Shank tunneling may cause the ears to drop to the ground. Stalk tunneling greatly affects the plantÕs ability to transport water, nutrients, and minerals within the plant and to the ears thereby reducing plant height and yield and is the most serious damage inßicted by this pest (Davis et al. 1933 , Chippendale 1979 , Knutson and Davis 1999 . In addition, yield can be signiÞcantly decreased and harvesting slowed because of stalk lodging caused by southwestern corn borer (Rolston 1955) .
Hybrids expressing the insecticidal crystal (Cry) proteins from Bacillus thuringiensis (Bt) Berliner were primarily developed to control stalk-tunneling lepidopteran pests such as the southwestern and European corn borer (Ostrinia nubilalis Hü bner, Lepidoptera: Crambidae) (Abel et al. 2000 , Buntin et al. 2004 ). Infestations of southwestern corn borer, the sugarcane borer (Diatraea saccharalis F., Lepidoptera: Crambidae) and European corn borer may occur in the midsouth on non-Bt corn, especially when Þelds are planted after the optimum seeding dates. Bt corn hybrids were introduced into the southern United States in 1998 and have been widely adopted because they provide excellent control of these species (Ostlie et al. 1997 , Williams et al. 1997 , Buntin et al. 2001 , Castro et al. 2004 , Huang et al. 2012 .
Insect resistance management guidelines mandate the planting of non-Bt corn refuges. Refuges are intended to mitigate insect resistance to speciÞc Bt proteins produced in corn (Ostlie et al. 1997 , Environmental Protection Agency [EPA] 2012a). When the hybrids conferring single gene resistance were introduced, the United States EPA mandated a 50% non-Bt corn refuge be planted in cotton producing counties including much of the South where corn earworm, Helicoverpa zea Boddie (Lepidoptera: Noctuidae), is a signiÞcant problem. Recently, hybrids with multiple Bt genes that have activity on corn borers have been introduced. Refuge requirements for these hybrids have been reduced to 5Ð20% depending on the combination of Bt traits involved and whether the Þeld is in a designated cotton growing county (EPA 2012b ).
More recently, there has been interest from the commercial seed industry to incorporate the refuge requirement into the unit of seed. This practice is sometimes referred to as Ôrefuge in a bagÕ or RIB. For example, in areas where cotton is not grown, a producer may choose to plant a bag of seed containing as little as 5% non-Bt corn for some Bt technologies. This refuge planting strategy has not been approved for cotton growing areas of the south. The objectives of our study were to simulate a refuge in a bag scenario to 1) document the direct effects of southwestern corn borer infestation on non-Bt plants, 2) determine if transgenic plants would compensate for injury caused by southwestern corn borer to a neighboring non-Bt plant, and 3) evaluate how the timing and intensity of injury to non-Bt plants affects any compensation by neighbors that might occur.
Materials and Methods
Field experiments were conducted in 2010 and 2011 at the West Tennessee Research and Education Center in Jackson, TN. On 31 March 2010 and 8 April 2011, a genetically modiÞed corn hybrid, DeKalb DKC64 Ð 83 VT Triple Pro containing Cry1A.105, Cry2Ab2, and Cry3Bb1 (Monsanto Co., St. Louis, MO) was planted on a Lexington silt loam soil. This is a transgenic Bt hybrid that has resistance to infestations of tunneling caterpillars such as southwestern corn borer and European corn borer (Ostlie et al. 1997 , Williams et al. 1997 , Abel et al. 2000 , Buntin et al. 2004 , Castro et al. 2004 ). This hybrid also has good activity on corn earworm and fall armyworm, Spodoptera frugiperda J. E. Smith (Lepidoptera: Noctuidae), both in the whorl and ear stage (Buntin et al. 2004 , Huang et al. 2006 , Hardke et al. 2010 . Our planting dates were at the beginning of the normally recommended planting season to help avoid confounding damage from naturally occurring insect pests (McClure 2010) . Corn was planted with a John Deere (Deere and Co., Moline, IL) 7200 Max Emerge Plus vacuum planter at a seeding rate of 75,600 seeds/ha. All seed was treated with a commercial fungicide and insecticide. Row spacing was 76 cm, and plots were Þve rows by 13.7 m in length with one border row between treatment rows.
On the same day as planting, selected DKC64 Ð 83 seed were uncovered and replaced with a seed of the non-Bt isoline hybrid, DKC64 Ð 82 RR2 (Monsanto Co.). Each non-Bt seed was planted and ßagged at a minimum distance of every 81 cm to ensure an average of six seeds of DKC64 Ð 83 between every non-Bt DKC64 Ð 82 seed. This allowed a buffer between neighboring plants intended for harvest. Treatments were arranged in a randomized complete block design with six replications of Þve non-Bt plants for each treatment. Agronomic practices such as fertilization, seeding rates, and weed control followed University of Tennessee recommendations (McClure 2010) . At the V4 growth stage, we used a QuikStix Field ELISA Kit (Envirologix, Portland, ME) that tested for the presence of Bt proteins in our Bt hybrid to conÞrm that non-Bt plants were correctly identiÞed.
We infested non-Bt plants with either two, four, or six southwestern corn borer larvae per plant at three corn development stages including mid whorl (V6 in 2010, V8 in 2011), late whorl (V14) and blister stage (R2) as deÞned by Ritchie et al. (1986) . A noninfested treatment was also included. Each treatment row included a non-Bt plant for each of the 10 treatments (Table 1) . Before infestation, color-coded Tyvek (DuPont, Wilmington, DE) tags were loosely attached to plants with a 22 gauge wire and labeled with the level of infestation. We infested plants with second or third instar southwestern corn borer larvae from an insectary (Monsanto Co., Union City, TN) to improve the chances of establishment. Larvae were transferred to ßagged, non-Bt corn plants using a camelÕs-hair brush. Plants were infested into the whorls and the base of the top one to two leaves at the V6 growth stage on 13 May 2010. Plants were similarly infested at the V8 growth stage on 6 June 2011. At the V14 growth stage, plants were infested into the whorls and top two to three leaf bases on 4 June 2010 and 19 June 2011. A third infestation was made at R2 on 24 June 2010 and 1 July 2011 by placing larvae at the base of the ear leaf or one to two leaves (nodes) above or below the ear leaf.
Hand-harvesting was done on 25 and 26 August 2010 and 25 and 26 August 2011. Stalks were cut at the brace root level of the infested plant and each adjacent neighboring plant in the same row. The ear of the infested plant was shucked and placed in a 10# paper sack along with its corresponding Tyvek tag. The ears from both neighbor plants were also shucked and placed in a 25# Shorty paper sack. The corresponding, bagged infested ear was then placed inside this larger sack. Samples were placed in a forced air dryer set to 150ЊF (65.6ЊC) and dried until grain moisture was 13%. Forced ambient air was applied for cooling purposes for 4 h afterward. Ears were stored in an air conditioned environment and moisture allowed to come to an equilibrium over 1 wk. All stalks were split lengthwise at the time of harvest in 2010, and the total length of stalk tunneling caused by southwestern corn borer or other corn borer species that may have been present was recorded. Only stalks of non-Bt plants were split in 2011. For infested and neighboring plants, total ear weight was taken and each ear was shelled individually using a hand-operated corn sheller (Seedburo Equip. Co., Des Plaines, IL). Grain was then screened through three 30.5 ϫ 30.5 cm hand testing screens (0.18 ϫ 0.75 in. slots, 0.16 ϫ 0.75 in. slots, and a #18 sieve with round holes 7 mm in diameter) to remove very small kernels and debris. Some hand removal of remaining debris was also necessary. Total kernel weight was measured for each non-Bt ear and both of its Bt neighboring ears collectively, and the number of kernels was counted using an automated seed counter (Old Mill Counter model 850 Ð3, IntÕl Marketing and Design Corp., San Antonio, TX).
In 2010, one replicate was omitted because of severe damage caused by charcoal rot, Macrophomina phaseolina (Tassi) Goid. Data were analyzed as a randomized complete block using SAS statistical software (SAS Institute 2008). Because our design was unbalanced, DunnettÕs tests (Proc GLM, ␣ ϭ 0.05) were done to make treatment comparisons between the noninfested treatment and each infested treatment. Proc MIXED and LS means for mean separation were used to test for the main effects and interactions of infestation density and infestation timing on the amount of stalk tunneling, kernel numbers per ear, total kernel weight per ear, and the weight of individual kernels in each ear (␣ ϭ 0.05). Each year is considered a Þxed effect in the model and blocks and all interaction with blocks were considered random effects. Southwestern corn borer infestation levels were also selected as Þxed effects.
Results
For both years of our study, there were not any statistically signiÞcant interactions between the main effects of infestation level (0, 2, 4, and 6 larvae per plant) and the timing of infestation for the average number of kernels per ear, total kernel weight per ear, and the weight of individual kernels. Thus, the main effects of treatment are presented separately below.
Effects of Larval Infestation Level on Non-Bt Plants. In both years, the average length of stalk tunnels was signiÞcantly higher for infested plants than for plants that were not infested (Table 2) . Some tunneling was observed in noninfested plants during both years as a result of natural infestations that mostly occurred after the blister stage (R2). There was generally more stalk tunneling when more southwestern corn borer larvae were infested onto plants. There was about one-half as much tunneling observed in 2010 when two larvae were infested per plant versus when six larvae were infested. In 2011, there was signiÞcantly more tunneling as the number of larvae infested per plant was increased.
In 2010, there were 35, 44, and 49% fewer kernels per ear when 2, 4, or 6 larvae were infested per non-Bt plant, respectively, compared with non-Bt plants that were not infested with southwestern corn borer. Results were similar in 2011 as the numbers of kernels was reduced by 18, 24, and 31% for plants infested with 2, 4, or 6 larvae, respectively. However, the difference between kernel numbers for plants infested with two and four larvae was not statistically signiÞcant in either year.
In both years, the total kernel weight per ear was signiÞcantly less for all levels of infestation compared with noninfested plants (Table 2) . Kernel weight was reduced by 36 Ð51% in 2010 and 22Ð36% in 2011 for plants that were infested with 2, 4, or 6 larvae. Kernel weight numerically decreased in a stepwise fashion as the number of larvae infested per plant increased. In both years, infesting six larvae per plant caused sig- *, **, ***, indicate whether the non-infested treatment was signiÞcantly different from one, two, or all three infested treatments, respectively (DunnettÕs test; P Ͻ 0.05).
Means not followed by a common letter are signiÞcantly different (Proc Mixed; LS means; P Ͻ 0.05).
niÞcantly more loss in kernel weight than infesting two larvae per plant. The difference between two and four larvae per plant was also signiÞcant during 2010. Similarly, the average weight of individual kernels was heavier for noninfested plants compared with all infestation levels in both years. The weight reduction of individual kernels ranged from 23 to 36% in 2010 and 9 Ð12% in 2011 compared with noninfested plants. Differences in individual kernel weight among treatments that were infested with larvae were not significantly different in 2011. In 2010, individual kernel weight was higher for plants infested with two larvae versus those infested with four or six larvae per plant. Table 3 ). The average length of stalk tunnels for neighbors of infested plants was small, ranging from 0.45 to 0.88 cm. Thus, we did not measure stalk tunneling in neighbor plants during 2011. The number of larvae infested on a neighboring non-Bt plant did not signiÞcantly affect the number of kernels per ear, total kernel weight, or average weight of individual kernels in either year. On average, total kernel weight only ranged 3% in either year, regardless of the number of larvae that were infested on the adjacent non-Bt plant.
Effects of Larval Infestation Level on Neighboring Bt Plants. Bt plants that were neighbors of noninfested plants had no tunneling in 2010 (
Effects of Infestation Timing on Non-Bt Plants. In both years of our study, infested plants had signiÞ-cantly more tunneling than noninfested plants with one exception. Although numerically higher, plants infested at the V6 stage in 2010 did not have signiÞ-cantly more tunneling than uninfested plants (Table   4 ). In 2010, 72% of plants infested at the V6 stage were severely stunted or killed (deadheart) by the larvae, and tunnel lengths could not be measured given the deteriorated condition of these plants. Thus, data for the amount of tunneling is somewhat misleading. This did not occur in 2011 when the mid whorl infestation was delayed until the V8 growth stage. However, for the amount of stalk tunneling, there was an interaction between the number of larvae infested per plant and the timing of infestation in 2011 (F ϭ 3.22; df ϭ 4, 334; P ϭ 0.0130). There was a greater increase in tunneling for plants infested with 2, 4, or 6 larvae at the R2 stage than for other timings, especially those infested at V8. Regardless, in both years, the length of stalk tunneling was highest for infestations initiated at R2 and statistically less for infestations initiated at the mid whorl stage in both years.
Kernel numbers per ear were reduced 88, 33, and 7% for the V6, V14, and R2 timing, respectively, compared with noninfested plants in 2010 (Table 4) . Kernel numbers were reduced by 40, 30, and 3% for the V8, V14, and R2 timing, respectively, in 2011. Plants that were not infested with southwestern corn borer larvae had more kernels compared with those infested at the mid whorl (V6 or V8) and late whorl timings (V14) in both years. Although numerically less, plants infested at the R2 stage did not have statistically fewer kernels than noninfested plants in either year. Kernel numbers among treatments that were infested with larvae were signiÞcantly different from each other, and kernel numbers increased as infestation timing was delayed in both years. Means not followed by a common letter are signiÞcantly different (Proc Mixed; LS means; P Ͻ 0.05). *, **, ***, indicates whether the noninfested treatment was signiÞcantly different from one, two, or all three infested treatments, respectively (DunnettÕs test; P Ͻ 0.05).
Results for total kernel weight per ear followed a similar pattern with signiÞcantly lower weights for plants infested at mid whorl (V6 or V8) and late whorl (V14) than for plants not infested with larvae. Total kernel weight for plants infested at the blister stage (R2) was less than uninfested plants but not statistically signiÞcant. Infesting plants at the V6, V14, or R2 growth stages reduced total kernel weight by 88, 34, and 10% in 2010 and by 40, 33, and 15% in 2011 compared with noninfested plants. Except for infestations at V8 or V14 in 2011, these differences among infested treatments were statistically signiÞcant.
The average weight of individual kernels in the V6 treatment was 79% lower than noninfested plants in 2010. The average weight of individual kernels was also higher in the V14 and R2 infestation treatments compared with the V6 timing. In 2011, there were no differences among treatments that were infested with southwestern corn borer, but individual kernel weight was signiÞcantly less in plants infested at the V8 stage compared with noninfested plants.
Effects of Infestation Timing on Neighboring Bt Plants. Neighbor plants had very little tunneling in 2010, and there were no differences compared with neighbors of noninfested plants (Table 5) . In both years, the number of kernels, total kernel weight, and individual kernel weight of plants that neighbored infested plants did not signiÞcantly differ from plants adjacent to noninfested plants.
In both years of our study, neighbors of infested plants had similar kernel numbers, kernel weights, and weights of individual kernels with one exception. In 2010, the plants infested at V6 had more kernels, heavier kernel weight, and higher average weight of individual kernels compared with the V14 and R2 infestation timings. For example, the average kernel weight of plants neighboring a non-Bt plant that was infested at the V6 stage was 5Ð 8% higher than neighbors of plants that were infested later.
Regression of Yield Components. Linear regression analyses were performed on some yield components across all treatments. The weight of entire ears was highly correlated with the total weight of kernels in 2010 (F ϭ 233850; df ϭ 1, 498; P Ͻ 0.0001; R 2 ϭ 0.99) and 2011 (F ϭ 82732; df ϭ 1, 698; P Ͻ 0.0001; R 2 ϭ 0.99). Total kernel weight and the number of kernels per ear were also highly correlated in 2010 (F ϭ 15442; df ϭ 1, 498; P Ͻ 0.0001; R 2 ϭ 0.97) and 2011 (F ϭ 8766; df ϭ 1, 698; P Ͻ 0.0001; R 2 ϭ 0.93).
Discussion
Most southwestern corn borer larvae begin tunneling into the plant during the third instar (Hensley and Arbuthnot 1957 ) and the vast majority of stalk tunneling is done by later-instar southwestern corn borer larvae (Whitworth et al. 1984) . We infested plants with L2 or L3 stage larvae to improve survival, which likely reduced mortality caused by natural enemies (Moulton et al. 1992 ). We were successful in our objective to establish different levels of injury at different growth stages to determine the relative susceptibility of non-Bt plants and evaluate whether compensation by neighboring plants would occur. We had good establishment with Ϸ95% of infested plants showing signs of tunneling at the time of harvest. There was naturally occurring infestations of southwestern corn borer in our noninfested treatments (30 and 40% of plants in 2010 and 2011, respectively) and presumably in our infested treatments as well. These infestations occurred late in the season and probably had little impact on our results.
A small but elevated level of tunneling observed in the stalks of Bt plants that were adjacent to infested plants indicated some interplant movement of larvae (Table 3) . We saw evidence of southwestern corn borer injury to plants that neighbored infested plants in the days after infestation. However, we saw no evidence of prolonged survival when larvae moved from non-Bt plants to Bt plants even though L2 and L3 stage larvae were used for infestation.
In 2010, 72% of non-Bt plants that were infested at the mid-whorl (V6) stage were severely stunted or killed (i.e., deadheart). We delayed infestation until the V8 growth stage in the following year. Deadheart was not observed when southwestern corn borer larvae were infested at V8 or later growth stages. Consequently, the effect of mid-whorl infestations on the yield parameters we measured was greater in 2010. Similar to our results, Arbuthnot et al. (1958) found 36% deadhearted plants in corn infested with southwestern corn borer at 36 d after planting and no deadheart in corn infested at 47 d after planting. Means not followed by a common letter are signiÞcantly different (Proc Mixed; LS means; P Ͻ 0.05).
Total kernel weight per ear (i.e., yield) of non-Bt corn plants that were infested with southwestern corn borer was reduced by 10 Ð 88% compared with noninfested plants depending upon the timing or level of larval infestation (Tables 2 and 4 ). Similar to our results, Whitworth et al. (1984) found that infestations when the twelfth leaf was fully emerged caused more yield loss than did later infestations at the R1 (beginning silk) or R3 (milk) stage. Unlike their study, we did not Þnd signiÞcant yield reductions at all timings of infestation compared with noninfested plants (Whitworth et al. 1984) . We found a positive relationship between the numbers of southwestern corn borer larvae infested, the amount of stalk tunneling, and how much kernel weight per ear was reduced (Table 2 ). This differs from previous research (Whitworth et al.1984) where no greater yield loss occurred as tunneling damage increased.
In our experiments, the timing of infestation had a greater effect on total kernel weight than did the number of larvae that were inoculated onto non-Bt plants. Scott and Davis (1974) also found greater impact on yield from late whorl infestations of southwestern corn borer versus infestations that occurred during pollination. The yield losses observed in our study were primarily reßected by reduction in kernel numbers, but individual kernel weights were also reduced by infestations of southwestern corn borer. Scott and Davis (1974) also attributed yield losses caused by infestation of southwestern corn borer to a reduction of kernels per plant. We found little evidence of compensation for yield loss by plants that neighbored infested plants. Indeed, the only signiÞ-cant indication of compensation by neighboring plants occurred when the non-Bt plant was functionally killed, which was commonly observed at theV6 infestation timing in 2010. Even then, the kernel weight of neighboring ears only increased an average of 5Ð 8% compared with plants neighboring other plants that were infested at V14 or R2.
Not surprisingly, there was a very strong correlation between the weight of an unshelled ear and the total kernel weight of that ear (R 2 ϭ 0.99 in both years). We would have drawn the same conclusions about treatment effects on yield had we used either the weight of entire ears (data not shown) or the total kernel weight of shelled ears. It would require much less effort to use whole ear weights if similar experiments are done where the primary interest is treatment effects on yield.
This study simulated the refuge in a bag scenario where a relatively low percentage of non-Bt corn plants would be interspersed with Bt corn. Southwestern corn borer was used to model how well adjacent plants would compensate for injury to their neighbors by stalk tunneling larvae, but our results should generally apply to other stalk tunneling species that infest corn. Little or no compensation was observed under the conditions of our study. Growing conditions were good for both years of our test. The remaining portions of the Þelds used in our tests yielded 12,870 and 10,420 kg grain/ha in 2010 and 2011, respectively. It is unknown how much our results would differ under other environmental conditions or if different hybrids were used, but our results suggest that yield losses caused by infestations of stalk tunneling larvae would be directly proportional to the percentage of non-Bt plants within the refuge in a bag system and the level of yield loss observed in these non-Bt plants. Because current refuge in a bag systems have Þve or 10% non-Bt corn plants within the seed unit, the likelihood of substantial yield losses from infestations of corn boring larvae is remote given our results, especially for infestations that occur after silking has begun.
